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A Role for Ran-GTP and Crm1
in Blocking Re-Replication
(Nguyen et al., 2001). Re-replication is only observed if
all three of these processes are compromised. In the
yeast S. pombe, both Cdc6 and Cdt1 are degraded and
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overexpression of both proteins in the same cell results9500 Gilman Drive
in extensive re-replication (Yanow et al., 2001). MuchLa Jolla, California 92093
less is known about the targets that are activated by
cdk2 in metazoans.
In metazoan cells, unlike yeast, Cdc6 is stableSummary
throughout S phase (Mendez and Stillman, 2000). It is
phosphorylated by cyclin A-cdk2 at the G1-S transitionAll eukaryotic cells have regulatory mechanisms that
and this modification causes some, but not all, of thelimit genomic replication to a single round each cell
Cdc6 to be exported out of the nucleus (Delmolino etcycle. These systems function by blocking formation
al., 2001 ; Jiang et al., 1999; Mendez and Stillman, 2000;of prereplication complexes. The regulatory mecha-
Pelizon et al., 2000). When this phosphorylation site isnisms in the yeast S. cerevisiae have been identified,
removed, all of the Cdc6 remains in the nucleus duringbut these do not appear to be conserved in metazoans.
S phase, but re-replication does not occur (Pelizon etUsing Xenopus egg extracts, we have identified a
al., 2000). Together, these observations suggest thatmetazoan-specific regulatory system that limits repli-
export of Cdc6 out of the nucleus during S phase is notcation to a single round. We show that during S phase,
a major pathway inhibiting re-replication. In metazoansoluble MCM helicase, an essential initiation factor, is
cells, it has been reported that Cdt1 is degraded duringinactivated when it associates with exportin-1/Crm1.
S phase (Nishitani et al., 2001). However, the kineticsFormation of this complex is dependent on both high
and extent of this degradation relative to the onset ofRan-GTP and cdk2 kinase activity. Lowering Ran-GTP
S phase is not currently clear. Unlike yeast, there is littlewithin nuclei or nuclear extracts allows MCM to re-
evidence that MCM is exported from the nucleus duringassociate with chromatin during S phase and induces
S phase in metazoans.re-replication. Importantly, prevention of re-replica-
Metazoan cells may have evolved a novel system fortion requires MCM-Crm1 complex formation, but it
inhibiting re-replication. Geminin, a protein originallydoes not require export of MCM from the nucleus.
identified in Xenopus and subsequently found in severalTherefore, in metazoans, Crm1 functions in both nu-
other metazoan organisms, binds to the DNA bindingclear export and blocking of re-replication.
site of Cdt1, thereby preventing Cdt1 from assembling
into pre-RCs (Wohlschlegel et al., 2000; Yanagi et al.,Introduction
2002). Homologs of Geminin have yet to be found in
yeast. In one study, it was reported that ablation ofAll eukaryotic cells have developed regulatory mecha-
Geminin caused limited re-replication (Quinn et al.,nisms that limit replication to a single round each S phase
2001). However, in other systems, ablation of Geminin(Lei and Tye, 2001). These systems block re-replication
appears to have little effect. For example, ablation ofby regulating the formation of prereplication complexes
Geminin in Xenopus eggs and extracts does not result(pre-RCs). During G1 phase, proteins making up the pre-
in re-replication (McGarry, 2002; McGarry and Kirschner,RCs associate together on chromatin and generate sites
1998).that are used during S phase to initiate DNA replication
We have used extracts derived from Xenopus eggs
(Bell and Dutta, 2002). pre-RC assembly is an ordered
to investigate the molecular mechanisms that prevent
process in which ORC, Cdc6, and Cdt1 sequentially bind
re-replication in metazoan cells. When sperm chromatin
to chromatin (Bell and Dutta, 2002). Following this, Cdc6 is incubated in cytosol made from eggs; ORC, Cdc6,
and Cdt1 function to load the MCM helicase onto the and Cdt1 bind to the chromatin and recruit the MCM
pre-RC (Coleman et al., 1996; Maiorano et al., 2000). helicase into pre-RCs (Walter et al., 1998). When mem-
Activation of cdk2 kinase at the G1-S transition serves branes are added to this cytosol, the chromatin is as-
to both initiate replication at pre-RCs and to block fur- sembled into a nucleus and a single round of DNA repli-
ther pre-RC formation, thereby limiting replication to a cation initiates. Blow and Laskey originally observed
single round (Findeisen et al., 1999; Hua and Newport, that if the nuclear envelope surrounding these already
1998; Hua et al., 1997; Jiang et al., 1999; Piatti et al., replicated nuclei were permeabilized, a second round
1996) . of DNA replication occurred (Blow and Laskey, 1988).
Although activation of cdk2 at the G1-S transition in- This result led them to propose that a factor (licensing
hibits further pre-RC assembly, the downstream targets factor) needed for pre-RC formation was present in cyto-
involved in this function vary between yeast and meta- sol and excluded from nuclei. Therefore, under normal
zoan cells. In the yeast S. cerevisiae, cdk2 activates conditions, chromatin would only be licensed for replica-
three functionally redundant processes that limit pre- tion during mitosis when the nuclear envelope is absent.
RC assembly during S phase: Cdc6 degradation, export Regulated replication in extracts can also be investi-
of MCM from the nucleus, and ORC phosphorylation gated in the absence of nuclear formation and nuclear
transport by using a highly concentrated soluble extract
derived from nuclei (Walter et al., 1998). This NPE extract*Correspondence: jnewport@ucsd.edu
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contains the soluble proteins normally concentrated
within nuclei as a result of nuclear transport but lacks
insoluble nuclear components, including the nuclear en-
velope and nuclear pores. When sperm chromatin is
first incubated in egg cytosol and allowed to form pre-
RCs and then NPE is added to the cytosol, a single
round of DNA replication occurs. During this round of
replication, MCM dissociates from the chromatin and re-
assembly of pre-RCs does not occur. This observation
demonstrates both that the system(s) that prevent re-
replication are present in the extracts and that nuclear
transport is not essential for blocking re-replication.
Although nuclear export itself does not appear to play
an essential role in restricting re-replication, the recent
demonstration that proteins involved in regulating nu-
clear import (Ran and importins) also function to regulate
nonimport processes (spindle formation and nuclear en-
velope assembly) prompted us to investigate whether
export proteins might participate in regulating re-repli-
cation. In this report, we show that the high concentra-
tion of Ran-GTP found within nuclei prevents MCM from
assembling into pre-RCs. Moreover, we find that this
MCM inhibition is dependent on exportin-1/Crm1 and
is regulated by cdk2 kinase. Overall, our results suggest
that activation of cdk 2 at the G1-S transition induces
assembly of a Ran-GTP-Crm1-MCM complex that rap-
idly sequesters free nuclear MCM, thereby inhibiting
further pre-RC formation and re-replication.
Results
RanT24N Restores MCM Loading in NPE Figure 1. RanT24N Restores MCM Loading in NPE and Fully
When sperm chromatin is added to Xenopus egg cyto- Formed Nuclei
sol, pre-RCs consisting of ORC, Cdc6, and the MCM (A) Analysis of chromatin bound proteins in egg extracts. Sperm
helicase rapidly assemble onto the sperm DNA (see Fig- chromatin was incubated in egg cytosol (lane 1) or NPE (lanes 2–5)
ure 1, lane 1). However, when sperm DNA is added to with 20 M of RanT24N (lane 4) or wild-type Ran (lane 5) for 30 min.
No chromatin was added to the sample in lane 2. Chromatin bounda highly concentrated Nuclear Extract (NPE), ORC and
proteins were isolated and analyzed by Western blotting.Cdc6 proteins bind to the DNA, but MCM binding is
(B) RasN17 did not restore MCM loading in NPE. Sperm chromatininhibited despite the fact that MCM is highly enriched
was incubated in NPE with 20 M of the indicated proteins. Lane
in NPE relative to cytosol (Figure 1A, lane 3; data not 1, untreated; lane 2, RanT24N; lane 3, RasN17.
shown). A major molecular difference between the nu- (C) Treatment of NPE with RanGAP and RanBP1 restored MCM
clear and cytosolic compartments is that within nuclei, loading. Sperm chromatin was incubated either in egg cytosol (lane
1), NPE (lane 2), or NPE pretreated with 50 ng/l of RanGAP andthe Ran-GTP concentration is very high, whereas in the
RanBP1 for 30 and 90 min (lanes 3 and 4, respectively). No DNAcytosol, it is low. Studies using fluorescence resonance
was added to NPE in the last sample (lane 5). Chromatin boundenergy transfer-based biosensors estimate that the con-
proteins were analyzed by Western blotting. We note that with 30
centration of Ran-GTP in the nucleus is approximately min preincubations, a small amount of MCM was observed associat-
200 times higher than is present in the cytosol (Kalab ing with chromatin (data not shown).
et al., 2002). (D) Sperm chromatin was incubated with purified membranes either
with cytosol depleted of MCM7 (lanes 2–6) or depleted cytosol mixedTo determine whether the high Ran-GTP levels found
with 1/2 volume of complete cytosol (lane 1) for 2 hr. In sampleswithin nuclei inhibits assembly of MCM into pre-RCs,
five and six, 50 g/ml of GST-Kip were added. During the first 2 hr,we have used a mutant Ran protein, RanT24N, which
samples were removed and examined. Nuclear growth rates did not
binds weakly to GDP and not at all to GTP. Furthermore, vary greatly from sample to sample. After 2 hr when large intact
this mutant binds to RCC1 tightly and blocks the GDP- nuclei had formed, 1/2 volume of complete cytosol was added to
GTP exchange activity (GEF) of chromatin bound RCC1. samples three, four, and six. Samples two and five were processed
for chromatin isolation. After a further 30 min incubation, 20 M ofThus addition of RanT24N could affect Ran dependent
RanT24N was added to sample four, and incubation continued forprocesses in two ways: (1) it could reduce Ran-GTP
another 30 min At 3 hr, samples one, three, four, and six wereconcentrations by inhibiting the GEF activity of RCC1,
processed.
and (2) it could act as a competitive inhibitor blocking
the association of Ran-GTP with other proteins.
To determine whether such a change in the overall chromatin was isolated and chromatin bound MCM was
assayed by Western blots. Surprisingly, addition ofcomposition of Ran effects MCM loading, sperm chro-
matin was added to NPE containing either wild-type RanT24N to NPE rescues MCM assembly into pre-RCs
(Figure 1A, lane 4), while addition of wt-Ran had noRan or RanT24N. Following a 30 min incubation, the
Ran-GTP Regulates Re-Replication
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effect (Figure 1A, lane 5). Similarly, addition of 20 M
of GDP alone did not restore MCM loading in NPE (data
not shown). This observation suggests that the high
concentration of Ran-GTP within nuclei inhibits assem-
bly of MCM into pre-RCs. Moreover, because NPE lacks
both nuclear envelopes and nuclear pores, this inhibition
is independent of nuclear transport.
Ran is a member of the Ras superfamily of small GTP
binding proteins that includes Ras, Rac, and Rho. In
order to demonstrate that the effects of RanT24N were
specific to Ran, the mutant RasN17, which can not bind
to GTP, was assayed for its ability to restore MCM load-
ing to sperm chromatin in NPE. Figure 1B shows that
addition of 20M RasN17 to NPE does not restore MCM
loading (lane 3). We also tested another member of Ras
family, Cdc42. Its mutant Cdc42(C18A) binds to RhoGEF
and inhibits its GDP-GTP exchange activity (Rossman
et al., 2002). When added to NPE, this mutant did not
restore MCM loading (data not shown). These results
indicate that the effect of RanT24N on MCM loading is
specific to this member of the Ras family.
Treatment of NPE with RanGAP and RanBP1
Restore MCM Loading
If the high concentration of Ran-GTP within NPE is inhib-
iting MCM from binding to chromatin, then lowering its
concentration should restore MCM loading. To test this
possibility, we added RanGAP and RanBP1 to NPE.
In the presence of these proteins Ran-GTP becomes
unstable (Bischoff et al., 1995; Lounsbury and Macara, Figure 2. RanT24N Induced Re-Replication of Sperm Chromatin
1997). As shown in Figure 1C (lane 4) pretreatment of (A) Time course of DNA synthesis. 30,000 sperm chromatin was
NPE with RanGAP and RanBP1 rescued binding of MCM incubated in 10 l of cytosol for 30 min, followed by addition of 25
l of NPE supplemented with either 20 M of RanT24N or an equalto chromatin. In combination with the results above
volume of PBS. Reactions were stopped at 30, 60, 90, and 120 min,these experiments strongly suggest that the high con-
and amounts of DNA synthesized were measured.centration of Ran-GTP in NPE is inhibiting loading of
(B) The samples were prepared as in (A), in the presence of 400 MMCM into pre-RCs. BrdUTP, and after 120 min the DNA products were analyzed by
CsCl gradients. Fraction 1 is at the top of the tube and fraction 19
RanT24N Restores MCM Loading in Fully at the bottom.
Formed Nuclei
The observation that MCM is not loaded onto chromatin
in NPE suggests that it should not assemble into pre- is active in nuclei, and as in the case of NPE, RanT24N
RCs following nuclear formation. To confirm this, MCM inactivates this system.
was immunodepleted from cytosol using anti-MCM anti-
bodies. Following this, sperm and membranes were
added to the depleted extract and nuclei were allowed RanT24N Induces Re-Replication
The results above suggest that lowering the effectiveto form around the DNA for 2 hr. Once nuclei had formed,
complete cytosol containing MCM was added to the de- Ran-GTP concentration in NPE either by addition of
RanGAP and RanBP1 or RanT24N inhibits the nuclearpleted reaction. Chromatin within nuclei formed in de-
pleted extract alone bound ORC and Cdc6, but no MCM localized system that prevents MCM from assembling
into pre-RCs. If this RanT24N-sensitive system preventswas detected (Figure 1D, lane 2). Similarly, and as pre-
dicted, chromatin within nuclei formed in depleted ex- MCM from re-associating with chromatin bound ORC
and Cdc6 during S phase, then one would predict thattract and then supplemented with complete extract,
bound both ORC and Cdc6 but failed to incorporate when it is inhibited, multiple rounds of replication might
occur. To test this possibility, replication of sperm chro-MCM (Figure 1D, lane 3). This demonstrates that the
process that inhibits MCM binding is present and active matin in NPE was measured in the presence and ab-
sence of RanT24N. The results of this experimentwithin nuclei. To determine whether RanT24N could re-
verse this inhibition, nuclei were formed in depleted ex- showed that in the absence of RanT24N, replication
continued linearly for 90 min and then stopped after atract and then supplemented with complete cytosol for
30 min, in order to allow MCM to be transported into single round. In contrast, in the presence of RanT24N,
replication was slightly faster than the control and con-nuclei. Following this, RanT24N was added. Under these
conditions, MCM binding to chromatin was restored tinued for at least 120 min (Figure 2A). Most importantly,
by the end of the experiment, total replication in the(Figure 1D, lane 4). Together, these results show that
the system that inhibits MCM incorporation into pre-RCs presence of RanT24N was almost twice as high as the
Cell
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control reaction, suggesting that multiple rounds of rep-
lication were occurring.
To demonstrate directly that RanT24N causes multi-
ple rounds of replication, BrdU was added to an NPE
replication reaction containing RanT24N and then the
DNA replication products were separated based on their
density in CsCl gradients. The result of this experiment
confirmed that RanT24N did induce multiple rounds of
replication (Figure 2B). In the control reaction lacking
RanT24N, a single peak of radioactive DNA migrating
at the heavy-light density was observed. However, in the
presence of RanT24N, two peaks were observed; one
at the heavy-light position and another somewhat larger
peak at the heavy-heavy density. Together with the re-
sults described above, our results show that reduction
of Ran-GTP by addition of RanT24N both rescues MCM
assembly into pre-RCs and allows multiple rounds of
replication to occur. Furthermore, this effect is indepen- Figure 3. RanT24N Induces Re-Initiation in G2 Nuclei
dent of nuclear transport.
Chromatin bound proteins in reconstituted nuclei. Sperm chromatin
was incubated in low-speed egg extracts for the indicated time. At
110 min, 2 M of RanT24N was added to the extract in one sample.RanT24N Induces Re-Initiation in G2 Nuclei
(A) Samples were made with 32PdATP and 400 M BrdUTP andIn order to extend this conclusion to more native condi-
processed for DNA replication assays. Inserts: analysis of RanT24N-tions, we asked whether RanT24N would cause MCM to
treated sample by CsCl gradient fractionation. HH and HL indicatereassemble into functional pre-RCs following replication
positions of Heavy-Heavy and Heavy-Light chains, respectively. (B)
within nuclei. To do this, sperm chromatin was incu- Nuclear proteins (top) and chromatin bound proteins (bottom) were
bated in the low-speed Xenopus egg extract supple- isolated at the indicated times and analyzed by Western blotting
using anti-MCM7 antibody.mented with the energy regenerating system. Under
these conditions, pre-RCs form on the chromatin before
it assembles into a nucleus and then, following nuclear
assembly, replication initiates. During DNA replication, RanQ69L Inhibits MCM Loading in the Egg Cytosol
Our observations strongly suggest that reducing theORC, Cdc6, and RCC1 remain associated with the DNA,
while MCM is displaced as replication continues over a Ran-GTP concentration within nuclei inactivates a sys-
tem that prevents MCM from loading onto DNA. A corol-90 min period (Mendez and Stillman, 2000; Nishitani and
Lygerou, 2002; Yanow et al., 2001). lary of this conclusion would be that the low Ran-GTP
concentration in the cytosol might be inactivating theAt 110 min, DNA synthesis stops and MCM is no longer
found associated with chromatin. This released MCM inhibitory system, thereby allowing pre-RCs to form in
the cytosol. If true, then increasing the Ran-GTP concen-does not seem to be exported out of the nucleus effi-
ciently (Figure 3B, top and bottom, lanes 4 and 5). How- tration in the cytosol should block MCM assembly into
pre-RCs. To test this possibility, recombinant Ran wasever, when RanT24N is added to the extract at this time,
it promotes rapid re binding of MCM to chromatin (Figure loaded with GTP, and then this Ran-GTP was added to
cytosol. Addition of 10 M Ran-GTP reduced binding3B, bottom, lane 6). Moreover, addition of RanT24N
causes replication to resume for at least another 30 min of MCM to chromatin by 50% (Figure 4A, lane 2) and
addition of 20 M Ran-GTP reduced MCM binding by(Figure 3A). Because RanT24N effects nuclear transport
and transport is essential for ongoing replication 80% (Figure 4A, lane 3). The RanGAP and RanBP1 pres-
ent in cytosol likely converts added Ran-GTP to Ran-(Hughes et al., 1998), the amount of Ran T24N needed
to generate optimal replication in these experiments was GDP thereby reducing its effectiveness. Indeed when
20 M of a mutant Ran, RanQ69L, which can bind (butdetermined empirically. At a concentration of 2 M
RanT24N, excess replication was robust resulting in an not hydrolyze) GTP (Hughes et al., 1998) is added to
cytosol it completely blocks the loading of MCM ontoalmost complete second round of replication (Figure
3A), while at 4 M RanT24N, only a 30%–40% increase chromatin (Figure 4A, lane 4). Therefore, as predicted
above, increasing the concentration of Ran-GTP in thewas observed (data not shown).
To test if the DNA synthesized after the addition of cytosol appears to activate the process that blocks as-
sembly of MCM into pre-RCs.RanT24N represents re-replicated DNA, we repeated
the experiments in the presence of BrdU and the density Again, because Ran belongs to the Ras superfamily
of small GTP binding, we asked whether the effect ofof the product(s) was analyzed. The results clearly
showed the presence of both heavy-light and heavy- Ran on MCM loading in cytosol was specific to Ran.
Addition to cytosol of either 20 M GTP or RasQ61L-heavy hybrid DNA, indicating that re-replication took
place (Figure 3A, inside panel). Thus, the carefully mea- GTP, which can bind but not hydrolyze GTP, failed to
prevent MCM from assembling into pre-RCs (Figure 4A,sured addition of RanT24N to G2 nuclei induced re-
association of MCM to chromatin and caused re-replica- lanes 5–8). We also tested another member of the Ras
family, Rac1G12V. When it was preloaded with GTP andtion to take place. These observations clearly suggest
that the high Ran-GTP levels within nuclei serves to limit added to the cytosol, it did not block MCM loading
(data not shown). Thus, the effect of RanQ69L on MCMreplication to a single round each S phase.
Ran-GTP Regulates Re-Replication
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within nuclei block MCM assembly into pre-RCs and
low Ran-GTP concentrations in the cytosol allow MCM
to assemble into pre-RCs.
Cdk2 Kinase Regulates Ran-GTP-Dependent
Binding of MCM
Our observations suggest that the high concentration
of Ran-GTP within nuclei blocks MCM assembly into
pre-RCs and may be an important component restricting
replication to a single round each S phase. However,
because Ran-GTP is always high within nuclei, it is likely
that this component of the system is linked to inhibition
by a regulatory element. If this were not the case, then,
because Ran-GTP is always high within nuclei, pre-RCs
would never be able to form in intact nuclei. This is clearly
not the case for somatic cell nuclei, particularly those
exiting G0, where pre-RC formation occurs during G1.
Previous observations in a large number of organisms,
including Xenopus, have shown that cdk2 kinase plays
an essential role in regulating pre-RC assembly and in
inhibiting re-replication (Findeisen et al., 1999; Hua and
Newport, 1998; Hua et al., 1997; Jiang et al., 1999; Labib
et al., 1999; Nguyen et al., 2001). For this reason, we
investigated whether the observed Ran-GTP inhibition
of MCM assembly into pre-RCs was dependent on cdk2
kinase activity. As shown above, when the Ran-GTP
concentration in cytosol is increased by addition of
RanQ69L, MCM assembly into pre-RCs is blocked (Fig-
ure 4C, lane 2). However, we observe that when the
cdk2 kinase activity in cytosol is inactivated by addition
of the cdk2 specific inhibitor p27/Kip (Polyak et al.,
1994a, 1994b; Toyoshima and Hunter, 1994), MCM bind-Figure 4. RanQ69L Inhibits MCM Loading
ing to chromatin is no longer inhibited by addition of(A) High concentrations of Ran-GTP are inhibitory for MCM loading.
Sperm chromatin was incubated for 30 min in egg cytosol containing RanQ69L (Figure 4C, lane 3). This result strongly sug-
0–20 M Ran-GTP (lanes 1–3) or 20 M RanQ69L loaded with GTP gests that the Ran-GTP dependent inhibition of MCM
(lane 4). In a separate experiment, 20M of either GTP or H-RasQ61L assembly into pre-RCs requires cdk2 kinase activity.
loaded with GTP were added to the samples six and seven, respec-
In Xenopus embryonic cells, cdk2 kinase is constantlytively. Along with the untreated sample (lane 5) and a sample con-
active, but its effective concentration changes greatly.taining no DNA (lane 8), chromatin was isolated and chromatin-
As a result of nuclear transport, the concentration withinassociated proteins analyzed by Western blotting.
(B) RanQ69L inhibited DNA replication while RanT24N induced re- the nucleus is 200-fold greater than that found in the
replication. Sperm chromatin was incubated in cytosol for 30 min cytosol during mitosis (Hua et al., 1997). Therefore, pre-
either with 20 M RanQ69L-GTP (sample two), 20 M of RanT24N RCs assemble on chromatin immediately after meta-
(sample three), or without addition (sample one). Following this, 2.5
phase before nuclei form. Once nuclei form, it has beenvolumes of NPE was added and the reaction continued for 2 more
proposed that the high cdk2 kinase activity accumulatedhours before DNA synthesis was assayed.
within the nuclei blocks further MCM loading into pre-(C) Left: preincubation with Kip blocks the inhibitory effect of
RanQ69L. Cytosol was preincubated without (lanes 1 and 2) or with RCs. In somatic cell nuclei, pre-RCs assemble during
(lanes 3 and 4), 50 g/ml of GST-Kip for 30 min. Sperm chromatin G1 phase when cdk2 kinase is maintained in an inactive
was added to all samples and RanQ69L-GTP to samples in lanes state due to the presence of p27/Kip. In order to further
2 and 3 and incubated for another 30 min. Chromatin-associated
demonstrate the role of cdk2 kinase in establishing pre-proteins were isolated and analyzed by Western blots. Right: once
RCs in the Xenopus system, we have investigatedbound to chromatin, MCM is stable. Sperm chromatin incubated in
whether addition of p27/Kip to extracts can generatecytosol for 30 min was isolated and reincubated in cytosol lacking
MCM7 for 30 min In sample six, 20 M of RanQ69L-GTP was added. a somatic-like condition such that pre-RCs can now
In sample 7, 50 g/ml of GST-Kip was added. Chromatin bound assemble within nuclei. To test this, sperm chromatin
proteins were analyzed by Western blotting. was incubated in MCM-depleted cytosol containing
membranes and p27/Kip. Following formation of nuclei,
complete cytosol containing MCM was added to theloading seems to be specific among the Ras family of
proteins. reaction. In the absence of this addition, ORC and RCC1
were present on the chromatin but, as expected, MCMFurther evidence that RanQ69L blocked MCM loading
is provided by the observation that sperm chromatin was absent (Figure 1D, lane 5). However, within 30 min
after the addition of complete extract, MCM had beenpreincubated in cytosol containing RanQ69L failed to
initiate replication following the addition of NPE (Figure transported into nuclei and was assembled into pre-
RCs (Figure 1D, lane 6). Therefore, as might be expected4B). Overall, the results presented above support the
conclusion that high effective Ran-GTP concentrations for somatic cells, when cdk2 activity is inhibited, the
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high Ran-GTP level within nuclei during G1 does not by
itself inhibit MCM assembly into pre-RCs.
Ran-GTP Does Not Dissociate MCM Present
in Existing pre-RCs
Our data suggests that Ran-GTP and cdk2 kinase act
together to prevent MCM from assembling into pre-RCs.
Therefore, it is important to determine whether Ran-GTP
can also cause MCM to be released from existing pre-
RCs. To address this possibility, sperm chromatin was
incubated in cytosol for 30 min to allow pre-RCs to form.
Following this, the chromatin was isolated by centrifuga-
tion and added back to MCM-depleted cytosol con-
taining either RanQ69L or Kip. Under these conditions,
the MCM that had originally assembled into pre-RCs
remained associated with these pre-RCs (Figure 4C,
lanes 5–7). Therefore, once MCM is incorporated into
pre-RCs, it is not displaced by high Ran-GTP levels.
Rather, it appears that Ran-GTP and cdk2 kinase only
inhibit the loading of MCM into newly forming pre-RCs.
Ran-GTP Induces Formation of a MCM-Crm1 Complex
Although MCM is exported from the nucleus during S
and G2 phases in yeast, there is little evidence that MCM
is exported from nuclei in metazoan cells (Mendez and
Stillman, 2000). Indeed, we observe that MCM is signifi-
cantly enriched in NPE relative to the cytosol (approxi-
mately 3- to 4-fold) and observe little, if any, reduction
in the level within nuclei before, during, and after DNA
replication (Figure 3B). However, components of the nu-
clear transport machinery are also known to regulate
cellular processes by means other than nuclear trans-
port. For example, TPX2 is sequestered in an inhibitory
complex with importins  and  (Gruss et al., 2001).
Figure 5. Crm1 and Ran-Q69L Form a Complex with MCM
During mitosis, the RCC1 bound to condensed chromo-
(A) RanQ69L and Crm1 coprecipitate with MCM7. 5 g of the indi-somes generates a high local concentration of Ran-
cated antibody conjugated to protein A-sepharose was mixed with
GTP that causes TPX2 to dissociate from this inhibitory 20 l of cytosol. Samples three and four also contain 20 M of
complex, allowing it to function in spindle formation RanQ69L-GTP. After 30 min of gentle agitation, beads were washed
four times in PBS, resuspended in 100 l of SDS buffer, and 20 l(Gruss et al., 2001). Based on this precedent, we tested
were analyzed by Western blotting.whether MCM is associated with a Ran-mediated export
(B) Anti-MCM7 antibody precipitation was performed as above inreceptor.
the presence of radiolabeled Crm1 added to NPE. Sample one con-MCM7 antibody immunoprecipitated both the endog-
tained buffer. Sample two, 20 M RanT24N. Sample three, 20 M
enous and radiolabeled exportin-1/Crm1 protein from of RanBP1 and RanGAP plus 50g/ml of GST-Kip for 30 min. Sample
egg cytosol, while unrelated rabbit IgG did not (Figure four is an immunoprecipitated from a nonspecific rabbit IgG.
(C) Top: Western blotting of Xenopus egg cytosol (lane 1) and Crm1-5A, top, lanes 1 and 3). We also tested if MCM7 could
depleted cytosol (lane 2), probed with anti-Crm1 antibody. Bottom:associate with another export receptor, exportin-t (Ku-
sperm chromatin was incubated in Crm1-depleted cytosol (lane 1),tay et al., 1998). Anti-MCM7 antibody did not coprecipi-
Crm1-depleted cytosol with 20 M RanQ69L (lane 2), and Crm1-tate exportin-t from Xenopus cytosol (data not shown).
depleted cytosol supplemented with recombinant Crm1 protein at
Since binding of export receptors to their cargos re- endogenous levels (lane 3). No sperm chromatin was added to sam-
quires the presence of Ran-GTP, the amount of Crm1 ple four. After 30 min, sperm chromatin was isolated, and samples
were analyzed by Western blotting.associated with MCM should increase in the presence
of RanQ69L. Indeed, addition of 20 M RanQ69L-GTP
substantially increased the amounts of Crm1 and Ran
coprecipitating with MCM7 (Figure 5A, compare lanes The high concentration of Ran-GTP present in NPE
suggests that most, if not all, MCM may be associated1 and 3). Anti-Crm1 antibody also coprecipitated MCM7
in the presence of Ran-Q69L (data not shown). When with Crm1. Indeed, immunoprecipitates of MCM from
NPE contained a substantial amount of Crm1 (Figureegg cytosol was fractionated on a glycerol gradient,
less than 5% of cellular Crm1 cofractionated with MCM. 5B, lane 1). Moreover, in the presence of exogenously
added RanT24N, the amount of Crm1 associated withHowever, when RanQ69L-GTP was added to the cytosol
the amount of Crm1, cofractionating with MCM in- MCM decreased substantially, indicating that RanT24N
destabilizes the Crm1-MCM complex (Figure 5B, lanecreased to 30% (data not shown). Thus, increasing the
Ran-GTP concentration in egg cytosol significantly in- 2). Importantly, addition of Kip to inactivate cdk2 kinase
and addition of RanBP1 and RanGAP to reduce Ran-creased the association of Crm1 with MCM.
Ran-GTP Regulates Re-Replication
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GTP completely abolished the interaction of Crm1 with
MCM in NPE (Figure 5B, lane 3).
CRM1 Is Necessary for the Inhibitory
Effect of RanQ69L
Together, the data above suggest that high concentra-
tions of Ran-GTP and cdk2 kinase promote MCM-Crm1
complex formation and that decreased Ran-GTP and
cdk2 activity diminishes this association. Therefore,
MCM may associate with Crm1 during S phase, and this
association might inhibit loading of soluble MCM into
new pre-RCs. If Crm1 associates with and inhibits MCM
assembly into pre-RCs in a Ran-GTP- and cdk2 kinase-
dependent manner, then depletion of Crm1 from the
cytosol should abrogate this inhibition. To test this, Figure 6. The Geminin-Cdt1 Pathway Is Independent of the Ran-
Crm1 was immunodepleted from cytosol (Figure 5C, GTP Pathway
top). When RanQ69L-GTP was added to such a Crm1 (A) Geminin is present at very low levels in egg cytosol: Western
depleted extract, it no longer inhibited MCM assembly blotting of 1 l of cytosol (lane 1) and 1 l of NPE (lane 2) by anti-
geminin antibody.into pre-RCs (Figure 5C, bottom, compare lanes 1 and
(B) Geminin inhibition is reversed by Cdt1, but not by Kip, while2). Importantly, when recombinant Crm1 was added
RanQ69L inhibition is reversed by Kip, but not by Cdt1. Spermback to the depleted extract, inhibition was restored
chromatin was incubated with either 80 nM geminin (lanes 2–4) or
(Figure 5C, bottom, lane 3). Therefore, the Ran-GTP and 20 M RanQ69L-GTP (lanes 5–7) for 30 min. Samples three and six
cdk2-dependent inhibition of MCM assembly into pre- also contain 200 nM Cdt1. Samples four and seven were preincu-
RCs requires Crm1. Moreover, this Crm1-dependent in- bated with 50 g/ml of GST-Kip. Chromatin from all samples was
isolated and analyzed by Western blotting.hibition occurs under conditions in which nuclear trans-
port does not take place. As such, the inhibition of MCM
loading onto chromatin by Crm1 is distinct from and
is not surprising as nuclear transport concentrates manyindependent of its function in nuclear export.
proteins, such as cyclin E, up to 200-fold within nuclei.
Although the cytosol does not normally containThe Ran-GTP Pathway Is Independent
enough Geminin to prevent assembly of MCM into pre-of Geminin-Cdt1 Pathway
RCs, addition of sufficient quantities of recombinantA role for cdk2 kinases in limiting replication to a single
Geminin does block this process (Figure 6B, lane 2; seeround each S phase in all eukaryotes is well established
also Wohlschlegel et al., 2000), and addition of recombi-(Findeisen et al., 1999; Hua and Newport, 1998; Hua et
nant Cdt1, the target of Geminin, rescues this inhibitional., 1997; Nguyen et al., 2001). However, in multicellular
(Figure 6B, lane 3; see also Wohlschlegel et al., 2000).organisms, there is accumulating evidence that a sec-
In contrast, we observe that addition of recombinantond system may also participate in this function. Gemi-
Cdt1 to cytosol does not rescue the RanQ69L-depen-nin, a protein initially identified in Xenopus and then
dent inhibition of MCM assembly into pre-RCs (Figuresubsequently in humans and Drosophila, binds to and
6B, lane 6). Further, although inhibition of cdk2 kinaseinhibits Cdt1, a protein essential for the loading of MCM
by addition of Kip blocks RanQ69L inhibition, additioninto pre-RCs (Maiorano et al., 2000; Quinn et al., 2001;
of Kip to extracts containing inhibitory levels of GemininWohlschlegel et al., 2000; Yanagi et al., 2002). Geminin
has no effect (Figure 6B, lanes 4 and 7). Therefore, theis normally present in S and G2 phases of the cell cycle
inhibitory effect of Ran-GTP is cyclin-cdk2 dependentand then degraded during mitosis (McGarry and
but Cdt1 independent whereas, Geminin inhibition isKirschner, 1998). It has been proposed that Geminin
Cdt1 dependent, but cyclin-cdk2 independent. Together,inhibits Cdt1 during S and G2, acting as a cdk2-indepen-
these results suggest that the Ran-cdk2 and Geminin-dent mechanism for preventing re-replication (Hodgson
Cdt1 pathways are functionally distinct.et al., 2002) .
Although Geminin is present in Xenopus extracts and
eggs, evidence suggests that it is unlikely to play a role Discussion
in limiting replication to a single round each cell cycle
during early embryonic divisions. Unlike the re-replica- In the yeast S. cerevisiae, inhibition of re-replication
during S phase of the cell cycle is regulated by cdk2tion we observe with RanT24N, depletion of Geminin
from either extracts or dividing eggs does not result in kinases at several levels, including phosphorylation of
ORC, degradation of Cdc6, and export of MCM fromexcess replication (McGarry, 2002; McGarry and
Kirschner, 1998). In our preparation of egg extracts, the nucleus (Nguyen et al., 2001). In metazoans, there is
clear evidence that cdk2 kinase prevents re-replicationGeminin was undetectable in egg cytosol as measured
by Western blots, and we detected less than 5 nM of (Findeisen et al., 1999; Hua and Newport, 1998; Hua et
al., 1997; Jiang et al., 1999; Piatti et al., 1996; Quinn etGeminin in NPE (Figure 6A, lanes 1 and 2). We could
detect the presence of Geminin in 0.1 l of NPE, while al., 2001). However, how it functions to do so is currently
unknown. In metazoans, unlike S. cerevisiae, Cdc6 is sta-we could not detect Geminin in 2 l of egg cytosol,
indicating that there is at least 20-fold more Geminin in ble throughout S phase (Mendez and Stillman, 2000), and
MCM does not appear to be exported from the nucleusnuclei than is present in cytosol (data not shown). This
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(Mendez and Stillman, 2000; Okuno et al., 2001). These
observations suggest that although the regulatory role of
cdk2 kinase in preventing re-replication has been evolu-
tionarily conserved, the downstream targets acted upon
by this kinase may have diverged significantly over time.
Effects of Ran-GTP Concentrations in Regulating
MCM Loading
The Ran-GTPase has been shown to be involved in sev-
eral essential but diverse nuclear functions, including
nuclear export-import, nuclear envelope formation, and
spindle formation during mitosis (for a review, see Clarke
and Zhang, 2001). In this report, we present evidence
that in Xenopus, a cdk2-Crm1-Ran-GTP-dependent pro-
cess, also functions to inhibit assembly of MCM into
pre-RCs, thereby inhibiting re-replication. In support of
this conclusion, we find that MCM is rapidly incorpo-
rated into pre-RCs when the overall Ran-GTP concentra-
tion is decreased within either intact nuclei (Figure 1D,
lane 4 and Figure 3B, lane 6) or a highly concentrated
nuclear extract (Figure 1A, lane 4 and Figure 1B, lane
2). Importantly, under these conditions, multiple rounds
of DNA replication initiate (Figure 2 and Figure 3). In
contrast, we find that when Ran-GTP levels are in-
creased in the cytosol, ORC and Cdc6 associate with
chromatin normally, but incorporation of MCM into pre-
RCs is strongly inhibited (Figure 4A, lanes 1–4). To-
Figure 7. A Model for Ran-GTP-Induced MCM Inhibitiongether, these observations suggest that in Xenopus, the
In S phase nuclei, cyclin-kinase activity phosphorylates MCM, andlow levels of Ran-GTP present in the cytosol allow pre-
this modification causes it to associate with Ran-GTP and Crm1.
RCs to form on chromatin prior to nuclear assembly. The formation of this complex sequesters MCM and prevents it from
However, following nuclear assembly, the high concen- binding to chromatin, thereby inhibiting re-replication.
tration of Ran-GTP within nuclei blocks further pre-RC
formation and prevents re-replication. dependent. Moreover, because it is well established that
Ran-GTP stabilizes the interaction of Crm1 with target
Cdk2 Regulates the Ran Inhibitory Pathway export proteins (Kehlenbach et al., 1999; Lee and Han-
Our data also strongly suggests that cdk2 kinase activity nink, 2002; Nilsson et al., 2001), the observation sug-
plays a pivotal role in regulating this Ran-GTP-depen- gests that inhibition of MCM loading into pre-RCs may
dent inhibitory pathway. Specifically, we find that the involve the sequestration of MCM into an inhibitory com-
high Ran-GTP-dependent inhibition of MCM assembly plex consisting of Ran-GTP and Crm1. Consistent with
into pre-RCs in cytosol does not occur when cdk2 is this possibility, we find that based on coimmunoprecipi-
inactivated by addition of p27/Kip (Figure 4C, lane 3). tation data, Crm1 does form a complex with MCM. We
Moreover, MCM can be incorporated into pre-RCs also show that this association is both Ran-GTP and
within nuclei if cdk2 kinase is inactivated (Figure 1D, cdk2 dependent (Figures 5A and 5B).
lane 6). Together, these observations demonstrate that The simplest interpretation of these findings is that
high Ran-GTP concentrations are not, by themselves, cdk2 may modify MCM such that it forms a stable heter-
sufficient to block MCM assembly into pre-RCs. Rather, otrimeric complex with Ran-GTP and Crm1 and that this
the inhibitory system appears to be regulated by cdk2 complex prevents MCM from assembling into pre-RCs
kinase activity; it is active when cdk2 is active and inac- (Figure 7). Importantly, because we find that inhibition
tive when cdk2 is inactive. As a result, in somatic cells, can occur in the absence of a nuclear envelope, this
the p27/Kip-dependent inhibition of cdk2 during G1 inhibition, although utilizing components of the nuclear
would provide a period during which pre-RCs could form transport machinery, is independent of nuclear transport
on chromatin within nuclei despite the presence of high per se. Consistent with this, we find that the concentra-
nuclear Ran-GTP levels. Degradation of p27/Kip and tion of MCM within nuclei does not decline before, dur-
activation of cdk2 at the G1-S transition would ensure ing, or after S phase (Figure 3B). This suggests that
that the re-replication system is active during S phase. MCM and Crm1 may not form a conventional complex
that is functional in nuclear export. In support of this
An Export-Independent Crm1 Function possibility, we find that the Crm1-MCM complex fails to
Is Essential for Inhibition dissociate at Leptomycin concentrations of at least 5
With respect to how inhibition is occurring, we find that M, whereas a control complex consisting of Crm1 and
immunodepletion of the exportin-1/Crm1 from cytosol the export substrate Snurportin1 readily dissociates at
abrogates the inhibitory effect of Ran-GTP on MCM 1.5 M (our unpublished data). Studies to characterize
loading and that re-addition of Crm1 restores inhibition the potentially novel association between Crm1 and
MCM are currently underway.(Figure 5C). This result shows that inhibition is Crm1
Ran-GTP Regulates Re-Replication
123
The direct inhibition of MCM by Crm1 to limit re-repli- ple, distinct but redundant mechanisms have evolved
cation has several advantages over a mechanism to perform this function.
whereby Crm1 first binds MCM and then transports it
Experimental Proceduresout of the nucleus to prevent re-replication. First, associ-
ation of two proteins is kinetically rapid relative to nu-
Preparation of Egg Extracts
clear export. This kinetic advantage would be essential Interphase cytosol, sperm chromatin, and purified membranes were
for ensuring that as MCM is released from DNA during prepared essentially as described previously (Smythe and Newport,
replication it is immediately inhibited. Second, DNA rep- 1991). NPE was prepared by isolating nuclei assembled in low-
speed egg extract in the presence of 3.3 g/ml nocodazole, ac-lication is a very high-fidelity process, and it is essential
cording to a detailed protocol (Walter et al., 1998).that little, if any, re-replication occurs. Direct inhibition
of MCM by Crm1 represents a simple way to achieve this
Nuclear Isolation and Chromatin Binding Assayshigh-fidelity solution. Definitive studies on the fidelity of
To isolate nuclei, 10–20 l samples were diluted in 1 ml of ELB and
nuclear import and export have yet to be made. How- centrifuged for 2 min at 1000  g. Precipitated nuclei were washed
ever, given the complex nature of first importing a pro- in 1 ml of ELB and dissolved in 20–200 l of SDS buffer. To isolate
tein into the nucleus to form pre-RCs and then very sperm chromatin incubated in either cytosol or NPE, ten times the
volume of ELB containing 0.5% Triton X-100 (ELBT) was added torapidly exporting all of this same protein out of the nu-
the reaction, pipetted up and down for 20 times, and spanned atcleus to prevent re-replication, it is unlikely that the
10,000  g for 2 min. Supernatant was carefully pipetted and pel-fidelity of this process would be sufficient to ensure that
letted, and was washed twice in 400 l of ELB. To isolate chromatinall replication is limited to a single round each cell cycle.
from reconstituted nuclei, samples were diluted in 20 times the
Other components of the nuclear transport machinery volume of ELBT, incubated on ice for 4 min, and overlaid on top of
are known to regulate cellular processes independent 150 l of ELB containing 0.5M sucrose and centrifuged as before.
of their role in nuclear transport. For example, normally Pellets were washed as before.
TPX2 is sequestered in an inhibitory complex with im-
DNA Replication Assayportins  and . However, the high concentration of
Cytosol was supplemented with an ATP regenerating system, noco-Ran-GTP surrounding chromatin during nuclear envelop
dazole (3.3 g/ml final concentration using a 0.5 mg/ml stock made
breakdown releases TPX2 from this inhibitory complex, in DMSO), and0.1 Ci/l 32PdATP and incubated with 2500–3000
allowing it to participate in spindle formation (Gruss et sperm per l with or without purified membrane. For nucleus-free
al., 2001). system, 2.5 times the volume of NPE was added after 30 min incuba-
tion in cytosol, and timer was reset to zero. The reactions wereWe consider alternative targets for the Ran-cdk2 in-
stopped and DNA replication measured using agarose gel electro-hibitory system less likely than MCM. For example, dur-
phoresis (Dasso and Newport, 1990) and a Molecular Dynamicsing S phase, it has been observed that much, but by no
phospho-imager.means all, of the Cdc6 initially in nuclei is exported out
of the nucleus (Delmolino et al., 2001; Jiang et al., 1999; Hybrid-DNA Analysis
Mendez and Stillman, 2000; Pelizon et al., 2000). There- Replicated DNA in the presence of 400 M BrdU and 32PdATP
fore, it is possible that Crm1 associates with Cdc6 and were isolated and resuspended in 100 l of Buffer A (5 mM EDTA, 20
mM Hepes [pH 7.6], 50 mM NaCl), containing 0.5 mg/ml Proteinase Kprevents it from assembling into pre-RCs. However, un-
and 0.5% SDS. Following a 60 min incubation at 37C, samples wereder all of the inhibitory conditions we have tested, we
phenol/chloroform-extracted, mixed with 11.5 ml of 1.75 g/ml CsClhave not observed any large effect on either ORC or
dissolved in TE, and centrifuged at 30,000 rpm in a Beckmann Swi41Cdc6 assembly into pre-RCs. Similarly, it has been pro-
rotor for 48 hr. 600 l fractions were taken and analyzed by scintilla-
posed that the Cdt1 inhibitor Geminin is activated follow- tion counter.
ing its import into nuclei (Hodgson et al., 2002). Thus,
it is possible that Crm1 associates with and activates Protein Expression and Purification
T7 promoter-driven hCRM1 was expressed in rabbit reticulocyteGeminin. However, we find that the inhibitory effect of
using TnT Coupled Reticulocyte Lysate System (Promega). GST-Ran-GTP is cyclin-cdk2 dependent but Cdt1 indepen-
Crm1 and all the other proteins were expressed in E. coli and puri-dent, whereas, Geminin inhibition is Cdt1 dependent,
fied. When the protein was a GST-fusion protein, GST was cleavedbut cyclin-cdk2 independent. Moreover, it has been
off and the cleavage products dialyzed in PBS unless otherwise
shown both in vitro and in vivo that in Xenopus extracts indicated. Rac1(G12V) and RasQ61L were purchased from Calbio-
and eggs, removal of Geminin does not induce re-repli- chem. Ras superfamily of proteins as well as their mutants were
cation (McGarry, 2002; McGarry and Kirschner, 1998). preloaded with either GTP or GDP by the protocol described in
(Nilsson et al., 2001) .Together, these observations argue against the possibil-
ity that Cdt1, ORC, or Cdc6 are targets of the Ran-Crm1-
Immunoprecipitation and Immunodepletioncdk2-dependent re-replication inhibitory pathway.
5 g of indicated antibody conjugated to protein A-Sepharose wasThis does not exclude the possibility that these pro-
mixed with 50 l of cytosol containing 2 l of in vitro transcribed
teins are targets of other pathways that are both acti- and translated hCrm1 in experiments involving radiolabeled Crm1.
vated by cdk2 and involved in limiting re-replication dur- After 30 min of gentle agitation, beads were washed four times in
ing S phase. In particular, it has been reported that in PBS, resuspended in 200 l of SDS buffer, and 15 l of each sample
somatic cells, Cdt1 is degraded early in S phase coinci- was analyzed by either fluorograph or Western blotting. For immuno-
depletion, 15 g of indicated antibodies were used. Approximatelydent with the accumulation of cyclin A (Nishitani et al.,
99% of MCM7 was removed by three consecutive immunodeple-2001). Clearly, if Cdt1 is rapidly and completely de-
tions using anti-MCM7 antibody. Approximately 80% of Crm1 wasgraded at the onset of S phase, this would represent an
depleted by five consecutive immunodepletion using anti-Crm1 an-
alternative mechanism for limiting replication to a single tibody.
round each cell cycle. Indeed, given the importance of Anti-geminin antibody was a kind gift from Johannes Walter. We
restricting replication to a single round each cell cycle, have also used a rabbit polyclonal antibody, Anti-Crm1 (H-300), and
a goat polyclonal antibody, Anti-Ran (C-20), both from Santa Cruzit seems quite likely that in metazoans, as in yeast, multi-
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Biotechnology, and anti-Ran monoclonal antibody from BD Trans- Kalab, P., Weis, K., and Heald, R. (2002). Visualization of a Ran-GTP
gradient in interphase and mitotic Xenopus egg extracts. Scienceduction Laboratories. All other antibodies were generated by this
laboratory and described in earlier publications. 295, 2452–2456.
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